Metabolic engineering of Rhodosporidium toruloides, a robust lipid and caroteinoid producer, is of great importance for oleochemicals and carotenoids production. However, the Agrobacterium-mediated gene transformation is tedious and time consuming. Here, we described a fast and efficient genetic transformation of R. toruloides using electroporation with linear DNA fragments, and the process was optimized. The results showed that 2 × 10 3 transformants can be obtained at 0.7 kV/μg linear DNA by using hygromycin and bleomycin as selection markers after the competent cells pretreated with 25 mM DTT and 100 mM LiAc. Our results would facilitate mutant library construction and metabolic engineering of R. toruloides for production of oleochemicals and carotenoids. We further demonstrated that all transformants arose due to illegitimate integration of transforming DNA fragments by colony PCR.
INTRODUCTION
As a robust lipid producer and terpenes cell factory, Rhodosporidium toruloides (named Rhodotorula toruloides by Wang et al. 2015) with a broad substrates spectrum includes crude glycerol, lignocellulose hydrolyzates, acetic acid, free fatty acids, Jerusalem artichoke powder, etc. (Hu et al. 2009; Huang et al. 2013; Yang et al. 2014 Yang et al. , 2015 Gong et al. 2015) . Additionally, R. toruloides has great industrial potential applications in production of carotenoids, biotechnologically important enzymes (e.g. cephalosporin esterase, epoxide hydrolase and carbonyl reductase) and bioremediation (Politino et al. 1997; Visser et al. 2000; Ratledge and Wynn 2002; Buzzini et al. 2007; Li, Zhao and Bai 2007; Chen et al. 2016) . Hence, metabolic engineering of this red yeast is gaining attention recently. Multi-omics information of R. toruloides would definitely prompt revelation of the mechanism of intracellular lipid metabolism at the molecular level and also the metabolic engineering of related pathways (Zhu et al. 2012) . However, the lack of efficient genetic tools is impeding the process. The present common strategies, Agrobacterium-mediated transformation (ATMT) and spheroplast transformation, for introducing genes into R. toruloides are tedious (Tully and Gilbert 1985; Liu et al. 2013; Lin et al. 2014; Wang et al. 2016a) . The former was developed by Lin et al in 2014, but it is time consuming and needs specific steps for cell junction between Agrobacterium and yeast. The latter was developed by Tully and Gilbert in 1985, but it is not practical and requires specific β-1, 3-glucomammanse and a step for cell wall regeneration. This year, lithium acetate/PEG-mediated chemical transformation was successfully developed; however, its very low transformation efficiency (20 transformants/μg DNA) limits the application in genetic manipulation (Tsai et al. 2016) . In this study, we established a rapid and efficient genetic transformation in R. toruloides by electroporation of linear DNA fragment. We carefully optimized the operation process including electroporation voltage, competent cells preparation and selection marker. Our results suggested that the linear foreign DNA fragments containing hygromycin (Hyg R ) and bleomycin (Ble  R ) resistance cassettes are suitable selection markers for electroporation, and pretreatment with dithiothreitol (DTT) and lithium acetate (LiAc) is essential for preparation of highly efficient competent cells. The electroporation process developed here should facilitate the metabolic engineering of R. toruloides, a good cell factory for oleochemicals and terpenes production.
MATERIALS AND METHODS

Strains and cultivation conditions
Rhodosporidium toruloides NP11 is a haploid strain stored in our laboratory. Other yeast strains used in this work are listed in Table 1 . All the strains were maintained at 28
• C on YPD plate (1% yeast extract, 2% peptone, 2% glucose, 2% agar, w/v) and supplemented with 50 μg/mL bleomycin (YPD+Ble) or hygromycin (YPD+Hyg) for selection of transformants. Fresh YPD plates supplemented with antibiotics were prepared 12 h before use. SD plate (2% glucose, 6.7g/L yeast nitrogen base without amino acids, 2% agar), 5-FOA plate (SD plus with 0.2% (w/v) 5-fluoroorotic acid) and SD-ura plate (SD without uracil) were used for screening of ura3 transformants and ura5 transformants. Escherichia coli strains were cultivated at 37
• C in Lennox broth (10 g/L tryptone, 5 g/L yeast extract and 10 g/L NaCl, w/v), supplemented with a final concentration of 100 μg/mL ampicillin or 50 μg/mL kanamycin.
DNA manipulation
Recombinant DNA techniques were performed as described previously (Sambrook and Russell 2001) . The plasmids were propagated in E. coli DH5α. The DNA was quantified by NanoDrop ND-1000 spectroscopy (Thermo Scientific, USA). Restriction enzymes were used according to the manufacturer's instructions (TaKaRa, Dalian, China). A 3.5-kb DNA fragment of the URA3 gene containing the open reading frame (ORF) and upstream and downstream flanking sequences was amplified from R. toruloides NP11 genomic DNA with the primer pair pura3t-p1/pura3t-p2, and ligated into the pMD18-T vector (TaKaRa, Dalian, China), resulting in the T-URA3 plasmid. Then, the URA3 ORF was replaced with the bleomycin (BLE) resistance gene to generate T-pURA3-BLE-Tura3 plasmid by RF cloning-mediated replacement (van den Ent and Lowe 2006) with primers URA3-ble-RF-p1 and URA3-ble-RF-p2. A similar strategy was used to construct plasmids T-pura5-BLE-Tura5, TpDGA-BLE-Tdga, T-pLRO-BLE-Tlro and T-pINO-BLE-Tino using primers listed in Table 2 . Terminator Thsp was amplified from R. toruloides NP11 genomic DNA with the primers Thsp-RF-p1 and Thsp-RF-p2, and replacement of the terminator Tnos in pZPKpGPD-HYG-Tnos and pZPK-pPGK-HYG-Tnos, resulting in vectors pZPK-pGPD-HYG-Thsp and pZPK-pPGK-HYG-Thsp. To generate pZPK-pPGK-HYG-Tnos-pGPD-BLE-Thsp, the BLE gene was amplified with the primer pair GPD-BLE-p1/GPD-BLE-p2 and replaced HYG ORF in pZPK-pGPD-HYG-Thsp vector, resulting in the pZPK-pGPD-BLE-Thsp. Then, pGPD-BLE-Thsp cassette was amplified with the primer pair GBH-RF-p1/GBH-RF-p2 and inserted into pZPK-pPGK-HYG-Tnos, resulting pZPK-pPGK-HYGTnos-pGPD-BLE-Thsp. The transforming integrative DNA was obtained by PCR. PCR amplifications were performed in a TaKaRa Gradient Thermal Cycler with primeSTAR Max DNA polymerases (TaKaRa, Dalian, China). PCR fragments were purified with Sangon DNA purification kit (Sangon, Shanghai, China). All these reactions were performed according to the manufacturer's instructions and the products are shown in Table 3 .
Preparation of competent cells
A single yeast colony was cultivated at 28
• C, 200 rpm in 20 mL of YPD medium overnight, and then 5 mL of the seed culture was inoculated into 500 mL of YPD medium and incubated at 28
• C, 200 rpm until the cell density reached OD 600 = 0.7-1.5. The cells were collected by centrifugation at 4000 g for 5 min at 4
• C, and three methods were applied to prepare the competent cells.
Method 1: common method
The yeast cell pellet was washed two times with 250 mL of icecold deionized water. Then the cells were washed once with 50 mL of ice-cold 1 M sorbitol solution and the cell pellet was resuspended in 0.5-1 mL of ice-cold 1 M sorbitol solution (Becker and Guarente 1991) . The final cell suspension was at a density of about 1 × 10 10 cells/mL.
Method 2: DTT/LiAc/TE method
After centrifugation, the cell pellet was resuspended in 80 mL of deionized water. Then 10 mL of 10 × TE buffer and 100 mL of 1 M LiAc were mixed with the cell suspension and the cells were shaken gently at 25
• C for 45 min, then 2.5 mL of 1 M DTT buffer was added and were shaken at the same conditions for 15 min. Then the cells were collected by centrifugation to remove the supernatant. The cells pellet was washed twice with the ice-cold deionized water and washed once with ice-cold 1 M sorbitol. Finally, the cell pellet was resuspended with 0.5-1 mL of ice-cold 1 M sorbitol (Becker and Lundblad 2001) . The final cell suspension was at a density of about 1 × 10 10 cells/mL.
Method 3: LiAc/DTT/sucrose method
The cell pellet was resuspended in 10 mM Tris-Cl buffer (pH 7.5) containing 1 mM MgCl 2 , 100 mM LiAc, 270 mM sucrose and 5 mM DTT, and the cells were shaken gently at 25
• C for 60 min.
Then the cells were subjected to a centrifugation at 4000 g for 5 min at 4
• C, and the cells were washed twice with 10 mM TrisCl buffer (pH7.5) containing 1 mM MgCl 2 , 270 mM sucrose and resuspended in the same buffer (Takahashi et al. 2014; Lin et al. 2015) . The final cell suspension was at a density of about 1 × 10 10 cells/mL.
Electroporation
We examined the electroporation using a Ble R resistance integrative cassette pURA3-BLE-Tura3. DNA (2-4 μg) dissolved in <5 μL deionized water and 100 μL of competent cells were mixed, and incubated on ice for 5 min. The mixture was loaded into an ice-cold 0.2 cm gene pulser cuvette (Bio-Rad Laboratories, USA). Electrotransformation was conducted at electric pulse varying from 200 V to 2.5 kV using an EPORATOR electroporation apparatus (Eppendorf, German). After the electric shock, 1 mL pre-cold sorbitol solution was added immediately and incubated at 30
• C for 2 h, the cells were collected and resuspended in 1 mL YPD medium and incubated at 30
• C for 2 h. Finally, the cells were spread on to YPD plate containing bleomycin and incubated at 30
• C. We also constructed other antibiotic gene cassettes such as hygromycin resistance marker fragments for electroporation and used the diploid R. toruloides as the host. Three replicates were carried out for each transformation.
Analysis of transformants
To assess genetic stability of the recombinants, the electroporation transformants were streaked successively five generations on YPD plates without antibiotics. Then, clones were restreaked on YPD plated containing appropriate selection antibiotics. The uracil auxotrophy transformants were tested by streaking them onto SD plates without or with 50 mg/L uracil at 30 • C for 3 days.
To confirm the DNA cassette had been successfully integrated, genomic DNA from these transformants was isolated and used to amplify the corresponding DNA fragment by PCR.
RESULTS
Successful genetic transformation by electroporation
Though ATMT method is effective, it is time consuming and hinders further application in genetic engineering. Electroporation is the most popular method for fungal transformation because it is efficient, quick and simple (Manivasakam and Schiestl 1993; Hood and Stachow 1995; Wang, Hung and Tsai 2011; Miklenić et al. 2015; Wang et al. 2016b) . The aim of this study was to develop an efficient electroporation method for transformation of Rhodosporidium toruloides. The BLE gene has been widely used as antibiotic selection marker in fungal genetics and proved to be functional in R. toruloides (Alderton (Fig. 1) were obtained by PCR, and transformed into haploid R. toruloides NP11. Based on common preparation of competent cells method (method 1), we tried different electric pulses varying from 200 to 2500 V. The results showed that transformants were observed with the range of 300V-1200 V on the YPD+Ble plates after 3 days cultivation at 30 • C. Under the optimal operating conditions of 0.5-0.7 kV (2.5-3.5 kV/cm) and 4-5 ms, 30-50 colony forming units (CFU) per microgram of DNA were obtained ( Fig. 2A) . Previous reports showed that electroporation transformation efficiency can be improved by a pretreatment of cells with DTT and LiAc (Thompson et al. 1998; Wang, Hung and Tsai 2011; Miklenić et al. 2015; Murray, Watson and Carr 2016) . Therefore, we investigated whether pretreatment of cells with LiAc and DTT improves the transformation efficiency of R. toruloides. In this case, we tried to prepare competent cells by using different methods of 2 and 3. Results showed that pretreatment method 3 improved the transformation efficiency up to 1 × 10 3 CFU/μg DNA, a 2000% increase compared to the control without pretreatment (Fig. 2B) .
Universality of the electrotransformation method
To evaluate the general applicability of the linear DNA fragmentbased electroporation method for gene integration, we designed another four linear Ble R resistance integrative cassettes:
pURA5-BLE-Tura5, pDGA-BLE-Tdga, pLRO-BLE-Tlro and pINO-BLE-Tino) (Fig. 1) . After electroporation, there were similar transformants appeared in the selection plates compared to those of pURA3-BLE-Tura3 integrative cassette (Fig. 2C ).
Since the HYG gene has also been widely used as an antibiotic selection marker in yeast genetics and proved to be functional in R. toruloides (Liu et al. 2013; Lin et al. 2014; Wang et al. 2016a) , we also constructed gene cassettes containing HYG gene. Five linear DNA cassettes, pGPD-HYG-Tnos, pPGK-HYG-Tnos, pGPD-HYG-Thsp, pPGK-HYG-Thsp and pPGK-HYG-Tnos-pGPD-BLE-Thsp, were designed for electroporation. Transformants appeared on YPD plate supplemented with hygromycin or YPD plate supplemented with hygromycin and Zeocin. However, the transformation efficiencies were only 20-300 CFU/μg DNA, much less than that using Ble R resistance DNA fragments (Fig. 2D) .
We further tested whether the linear DNA fragment-based electroporation method could be used for other R. toruloides strains. The pURA3-BLE-Tura3 integrative cassette was transformed to haploid R. toruloides strain NP5-2 and diploid R. toruloides strain Y4. Similarly, we got high transformation efficiency of 1 × 10 3 and 2 × 10 3 CFU/μg DNA in R. toruloides haploid strain NP5-2 and diploid strain Y4, respectively (Fig. 2E) . The results showed that R. toruloides haploid strain has much lower transformation efficiency compared with that of diploid strain for unknown reasons, which has also been observed in Zeng' study (Zeng et al 2014) .
Genetic analysis of transformants
We determined the genetic stability of the transformants, and the results showed that all of transformants derived from R. toruloides NP11 and NP5-2 maintained their antibiotic resistance phenotype after five successive restreaks (Figs 3 and 4A) . However, the stability of inheritance of antibiotic resistance of engineering R. toruloides Y4 ranged from 90.9% to 100%, suggesting that diploid transformants may be less genetically stable (Fig. 4B) . We further checked if pURA3-BLE-Tura3 integrated into URA3 sites by analyzing uracil auxotrophy, since pURA3-BLE-Tura3 containing the URA2 homologous arms of promoter pURA3 and terminator Tura3. All of 100 transformants were able to grow on SD plate without uracil supplementation, suggesting that there were no uracil auxotrophic recombinants (Fig. 5A) . Similarly, there was no uracil auxotrophy mutant in recombinants harboring pURA5-BLE-Tura5 cassette (Fig. 5B) . We then ascertained if transforming DNA integrated into the homologous site by performing a colony PCR with a forward primer targeting a sequence outside the insertion cassette and a reverse primer targeting on the marker gene BLE. Consistently, there was no size matching band of homologous replacement of target gene by the selection marker (Fig. 5C ). For a control, a separate colony PCR showed the presence of the BLE gene in all transformants (Fig. 5D) . Our results showed that the transforming DNA fragment underwent illegitimate integration in all transformants analyzed. Furthermore, the results indicated that homologous recombination was an extremely rare event and there were high random integration rates in R. toruloides even using high efficient electroporation transformation, which is also observed in our previous study (Lin et al. 2014) .
DISCUSSION
Rhodosporidium toruloides is an excellent native lipid producer with immense potential for industrial applications. However, this potential remains challenging because of the lack of efficient genetic tools and methods for genetic manipulating of this yeast. Currently, only two efficient methods ATMT and spheroplast transformation are available for R. toruloides. The former is time consuming and needs specific steps for cell junction. The latter one is not practical and requires specific β-1, 3-glucomannanase and a step for cell wall regeneration. Although genetic engineering of R. toruloides has been significantly developed in recent years (Liu et al. 2013 Lin et al. 2014; Ma et al. 2015; Johns, Love and Aves 2016; Wang et al. 2016a) , the genetic transformation is not efficient and needs to be improved. This study presented here gives the first detailed evidence that R. toruloides can be modified using linear integrative DNA fragment via electroporation. Our results demonstrated that linear DNA fragment-based electroporation is highly simple and efficient, which has many advantages compared with the available methods for gene integration in R. toruloides. First, higher transformation efficiency (2 × 10 3 CFU/μg DNA) was achieved for R. toruloides with linear DNA by our electroporation method than previously developed protocols such as LiAc methods of Tsai 25 and 40 CFU/μg DNA (Table 3 and Tsai et al. 2016) . Second, there is no requirement of time-consuming specific steps compared with previously methods such as cell junction (Lin et al. 2014) or spheroplasts preparation by the cell wall digestion (Tully and Gilbert 1985) . It should be mentioned that the transformants in our study can grow on the plate containing high concentrations of antibiotics (50 μg/mL bleomycin), which is different from the study of Takahashi et al. (2014) and could be beneficial for transformant selection.
With the simple cell wall and membranes structure, some bacteria such as Escherichia coli has high transformation with electroporation (up to 10 10 transformants per microgram of plasmid DNA). However, the much more complex fungus cell walls contain chitin, chitosan and other complex glucans/mannans (Kapteyn, Van Den Ende and Klis 1999; Borchani et al. 2016; Okada et al. 2016) , which may offer more resistance to electroporation. DTT and LiAc can increase cell wall porosity, enhance cell wall permeability and raise the subsequent uptake of DNA (Brzobohatý and Kovác 1986; DeNobel et al. 1989) . Many studies have demonstrated that the combination of LiAc and DTT treatment exerted a multiplicative effect on electroporation transformation efficiency in various yeasts (Thompson et al. 1998; Wang, Hung and Tsai 2011; Miklenić et al. 2015; Murray, Watson and Carr 2016) . Inspired by this, we pretreated red yeast cells with LiAc and DTT before electroporation. Results showed that the transformants' efficiency was improved 10-100 times after the pretreatment. The cell wall of R. toruloides and other red yeasts have similar compositions, so we can expect that DTT/LiAc pretreatment will be useful in improving the electroporation transformation efficiency of other red yeasts besides R. toruloides. As reported, voltage had the largest effect on transformation efficiency in many known yeasts. We thus tried to optimize the electroporation by varying a series of voltages. The voltage was set within the range of 200-2500 V, and results demonstrated that the working voltage was in the range of 300-1200 V, and 300-700 V was the most preferred. It is noteworthy that the most appropriate voltage of R. toruloides is lower than ascomycetous yeasts Saccharomyces cerevisiae (1.5 kV) and Schizosaccharomyces pombe (2.25 kV) (Manivasakam and Schiestl 1993; Murray, Watson and Carr 2016) , but similar with the basidiomycetous yeasts Cryptococcus neoformans (0.4 kV or 0.45 kV) and Rhodotorula gracilis (0.6 kV) (Edman and Kwon-chung 1990; Takahashi et al. 2014; Lin et al. 2015) . This might be owing to the similarity of the cell walls among R. toruloides and other basidiomycetous yeasts.
Electroporation transformation efficiency of yeast depended greatly on final density of the cell suspension. In our previous work, the cell suspension density for electroporation was 1 × 10 9 /ml, resulting in only 5-18 transformants per microgram of DNA (data not shown). We noticed that the higher cell density improved transformation efficiency in various yeast (Suga and Hatakeyama 2001; Miklenić et al. 2015) . Hence, for initial transformation optimization experiments on R. toruloides, we resuspended the competent cells to the final cell density of 1 × 10 10 /mL. Results demonstrate that this high suspension density resulted in higher transformation efficiency in R. toruloides, which is similar with other yeasts such as Dekkera/Brettanomyces bruxellensis and S. pombe (Suga and Hatakeyama 2001; Miklenić et al. 2015) . Since origins of replication and autonomously replicating elements have not been identified in R. toruloides, we developed electroporation for genetic integration into red yeast using a linear heterologous DNA fragment. Unlike plasmid transformation, introduction with the linear DNA fragment must integrate into their chromosomes after entering the red yeast cell. Therefore, the transformation efficiency in this study reflected actually the genetic integration efficiency. Our results suggested that transforming DNA might not undergo homologous recombination in R. toruloides while non-homologous end joining (NHEJ), an event of so-called illegitimate recombination, occurs more efficiently in R. toruloides (Liu et al. 2013; Lin et al. 2014) . This is different from previously report that homologous recombination by NHEJ (Tsai et al. 2016) . Interestingly, our results suggested that R. toruloides is an excellent model organism to study illegitimate recombination. Moreover, an efficient insertional mutagenesis system could be developed for haploid R. toruloides based on electroporation.
In summary, we established an electroporation method for transformation of R. toruloides by using a linear transforming DNA fragment. Our results should facilitate the construction of mutant library and metabolic engineering of R. toruloides for production of fatty acid-derived chemicals and terpenes. transformed with pURA3-BLE-Tura3 by using primers of for up2000-URA3-F and BLE-R. NP11 is represented for gDNA amplification results. '+' means using plasmid TpURA3-BLE-Tura3 as a control. '-' means using distilled water as template. Lane M: Trans II plus Marker (Transgen). (D) PCR amplification results for identification of exogenous BLE gene with URA3-F and BLE-R. NP11 is represented for gDNA amplification results. '+' means using plasmid T-pURA3-BLE-Tura3 as a control. '-' means using distilled water as template. Lane M: Trans II plus Marker (Transgen). (E) Schematic representation of the URA3 gene locus of possible URA3 transformants after homologous recombination, the primer binding sites are also shown.
